Abstract: In this work, microwave energy is used for preparing a granular red mud (GRM) adsorbent made of red mud with different binders, such as starch, sodium silicate and cement. The effects of the preparation parameters, such as binder type, binder addition ratio, microwave heating temperature, microwave power and holding time, on the absorption property of GRM are investigated. The BET surface area, strength, pore structure, XRD and SEM of the GRM absorbent are analyzed. The results show that the microwave roasting has a good effect on pore-making of GRM, especially when using organic binder. Both the BET surface area and the strength of GRM obtained by microwave heating are significantly higher than that by conventional heating. The optimum conditions are obtained as follows: 6:100 (w/w) of starch to red mud ratio, microwave roasting with a power of 2.6 kW at 500℃ for holding time of 30 min. The BET surface area, pore volume and average pore diameter of GRM prepared at the optimum conditions are 15.58 m 2 /g, 0.0337 cm 3 /g and 3.1693 A 0 , respectively.
Introduction
Red mud, a solid waste generated in alumina refining from bauxite, is the most serious pollution sources of alumina plant. Due to its high alkalinity (pH ¼ 10~12.5), red mud belongs to hazardous waste [1] . At present, not only does the large amount of red mud take up much land but also cause serious environmental pollution problems [2, 3] .
In recent years, red mud has been successfully applied in the production of building materials such as cement, glass, etc. [4, 5] , or extracting valuable metals [6, 7] . Moreover, numerous studies have examined the use of red mud as an adsorbent purification of heavy metal wastewater [8, 9] and dye wastewater treatment [10, 11] . Currently, various activation methods including acid treated [12] [13] [14] [15] , heat treated [16] [17] [18] , acidheat-treated [19, 20] schemes have been developed to improve the adsorption capacity of red mud.
As a kind of new green activation way, the microwave pore-making and activation method (MPA) is significantly different with conventional method [21] . The principle of MPA process lies in that microwave energy can selectively and quickly act with water, organics and the high-microwave-adsorption solids existing in the material, which can explosively make tiny pore and channel generated because of water evaporation and organics volatilization. Thus the process can activate the adsorption characteristics and increase the strength of the material. It can become a porous adsorbent with high strength. Li and Zhao [22] investigated that the removal efficiency of chromium from its solution by microwave-activated powder red mud could reach over 99% in the range of Cr 3 þ 300 mg/L when the red mud heated for 30 min at 800 W. Cheng Gong et al. [23] presented that microwave-activated red mud had a good adsorption capacity for disperse brilliant blue E-4R with 42.19 mg/g. The removal efficiency could reach 99.07% under the optimum conditions. These studies indicated that microwave activation technology had good effect to prepare red mud porous adsorbent material. However, the adsorption capacity of microwave activated red mud is mainly measured via its adsorption quantity of adsorbate in these studies. There are no reports from the pore distribution, mineral phase transformation and other factors of adsorbent to study the adsorption properties of red mud. Moreover, the mechanism of pore-forming and activation also has not been well revealed. In this work, microwave energy is used for preparing granular red mud (GRM) adsorbent made of red mud with different binders, such as starch, sodium silicate or cement, respectively. The main contents are as following: (1) Influence of operation parameters, such as binder type, binder addition ratio on the preparation effect of GRM in microwave heating and conventional heating process. (2) Investigation of the properties, such as the specific surface area, strength, pore structure and microstructure of GRM adsorbent under different conditions of the microwave heating. (3) Finding out the optimum experimental conditions that can be used for large quantity manufacture.
Experimental Material
The fresh red mud, used as the principal raw materials, is obtained from an alumina plant, Guizhou province, China. Its water content is about 21.64% and its initial pH value is about 13. The main chemical compositions of the raw red mud based on the dry weight are presented in Table 1 .
The XRD pattern is shown in Figure 1 3 ).
The high-quality Portland cement in this study is obtained from a cement plant in Kunming, China. Other binders, including starch, sodium silicate are all analytical grade.
Preparation of GRM in the small-scale experiment
The main purpose of small-scale experiment is to investigate the activation effect of the different binders on the preparation of GRM in a low-temperature heating process. Each 200 g of fresh red mud are directly mixed with binder at different mass ratio of 2~8% and the new mixture is kneaded by hand to be the GRM adsorbent. Then the GRM is stored for conventional activation and microwave activation process.
Microwave activation process 100 g of granulated GRM is placed in a cylindrical ceramic crucible and put into a microwave oven for pore-forming. The heating temperature is set up to 150℃. Upon reaching 150℃, the sample is held at the same conditions for 10 min. Then GRM sample is taken and cooled to room temperature. The effects of parameters such as binder type (starch, sodium silicate and cement) and binder addition ratio (2%, 4%, 6%, 8%) on the property of activated GRM have been studied.
Conventional activation process
100 g of granulated GRM is placed in a cylindrical ceramic crucible and put into a muffle furnace for heating. A number of experimental parameters of conventional heating process are the same with microwave heating process in the small-scale experiment.
Preparation of GRM in the scale-up experiment
According to the results of BET surface area, strength and surface physical morphology in small-scale experiment, 6% starch as binder is used for large-scale preparation of the GRM -starch adsorbent material. The preparation procedures in the scale-up experiment are as illustrated in Figure 2 .
In order to meet the requirements of the disc balling machine, after dried in an electric blast drying oven at 80℃ for 5 h, red mud is ground and sieved to particle size of about 100 mesh. The dry and sieved red mud powder is mixed with starch binder to produce GRM adsorbent by using a disc balling machine. The materials are appropriately sprayed water throughout granulating duration.
The obtained GRM is placed in a cylindrical ceramic crucible. Then GRM is put into a microwave heating apparatus for pore-forming. During the scale-up experiment, the heating rate and pore size distribution are studied by varying the microwave power from 2.0 to 3.0 kW, roasting temperature from 150 to 900℃, holding time from 5 to 30 min with 6% starch as a binder. The optimum conditions are obtained in this experiment.
Microwave heating system and characterization methods
Microwave furnace in this study is developed by Kunming University of Key Laboratory of Unconventional Metallurgy, Ministry of Education.
The strength of GRM is examined based on the efflorescence rate in aqueous solution. This method is reported by our formal papers [8, 24] . The BET surface area, average pore size distribution are analyzed using the surface area analyzer AUTOSORB-1 made by Quantachrome Instruments, USA. The microstructures are investigated using Scanning electron microscope (SEM, Philips XL20 ESEM-TMP).
Results and discussion

Small-scale experiment
The effect of binder on the properties of heated-GRM is carried out by putting GRM into microwave furnace and muffle furnace, respectively, and heated at 150℃ for 10 min. Then the samples are taken out and cooled to room temperature.
Efflorescence rate
The efflorescence rate of the samples is measured and shown in Table 2 . It can be seen that the strength of GRM is significantly higher in microwave heating process compared to conventional heating process, especially when using starch as binder.
BET surface area
(1) Effect of binder addition ratio In order to evaluate the effect of binder addition ratio, the experiments are carried out by starch as binder. The results show that the BET surface area of the GRM samples prepared with 2%, 4%, 6% and 8% starch in microwave heating process are 13.22, 9.02, 35.06 and 3.54 m 2 /g, respectively. As can be seen, the BET surface area of GRM is affected by the binder addition ratio but it is not significantly increased with the increase of binder addition ratio.
(2) Effect of binder type
The BET surface area of the GRM samples prepared with different addition rations of different binders is measured. The results show that the sequence of activation effect is starch > sodium silicate > cement. The activation effect of organic binder is better than the activation effect of inorganic binder, because the organic binder is easily decomposed and formed pores by microwave heating. The BET surface area of GRM samples which are prepared by the optimum adding ration of binders is shown in Table 3 .
(3) Effect of microwave heating process According to the results of the Tables 2 and 3 , it can be seen that microwave heating has a better effect on poremaking of GRM as compared to conventional heating. The BET surface area of the GRM prepared with 6% sodium silicate increases from 14. Figures 3 and 4 show the surface physical morphology of obtained GRM with 6% starch and 6% sodium silicate, respectively. A significant difference of the surface topography between GRM prepared with 6% starch and with 6% sodium silicate is observed. It can be seen that the surface of GRM prepared with 6% starch has large number of pores of irregular and heterogeneous morphology, which attests a significant development of pore structure. In addition, the diameter pore size of obtained GRM with 6% starch is relatively wide. All of the pores observed by SEM are mesopores and macropores, without micropore. From the above results, it can be found that the activation effect of GRM prepared with 6% starch is the best.
SEM analysis of microstructure
Characterization of GRM in scale-up experiment
According to the optimum conditions of small-scale experiments, starch with addition ratio of 6% is used as binder in this scale-up experiment.
A series of experiments were conducted at the heating temperature in a range of 150~900℃, holding time with range of 5~30 min. Figure 5 shows the SEM images of the prepared GRM samples with different heating temperature, including 150℃, 600℃ and 900℃. It can be seen that with the increase of microwave heating temperature during the temperature from 150℃ to 600℃, the effect of pore-making by microwave also increases. When the temperature is higher than 600℃, the effect of pore-making decreases with increasing temperature. And the GRM is easily burned at temperature higher than 700℃. Moreover, prolonging holding time is helpful to improve the strength of the GRM.
Due to the above results, the experimental conditions in this scale-up experiment are controlled at the heating temperature with range of 500~600℃, holding time with range of 20~30 min and microwave power with range of 2.0~3.0 kW. The experimental condition and the characterization of obtained GRM samples are listed in Table 4 .
Pore structure
Pore size and distribution are the important parameters of porous materials. According to the classification of IUPACpore dimensions, the pores of adsorbents are grouped into micropore (d < 2 nm), mesopore (d ¼ 2~50 nm) and macropore (d > 50 nm) [25] .
The results of GRM pore size distribution of the samples are shown in Figure 6 . The results show that, the GRM samples under different conditions have nearly similar curve shape with pore size distribution curve. Although without micropore, the GRM adsorbents contain well-developed pore structure in both regions of mesopore and macropore. A few peaks are detected, with the sharpest peak occurred at pore width between 2.5 and 35 nm, with an average pore size of 27.691~33.152 A 0 shows that a majority of the pores fall into the range of mesopore. The mesopores are mainly distributed in the regions of 2.5~10 nm and 25~35 nm. We observed that both of outrageous microwave power, excessive temperature and lack of holding time cause a decrease in the peak height and will not be benefit to pore-forming process.
Efflorescence rate and BET surface area
The actual photographs of GRM heated by microwave under different conditions are shown in Figure 7 . It can be seen that the outrageous microwave power or excessive temperature make material temperature is risen quickly and results the material is heated unevenly. Those small spherical particles of the GRM around thermocouple are bonded together to form objects of larger spherical shapes. Conversely, when the microwave power is low, the material temperature is risen slowly resulting in the waste of energy. Therefore, adjusting the microwave power and the 
heating temperature, and prolonging the holding time improve the strength and the BET surface area of GRM sample. It can be seen from Table 4 , the BET surface area and the strength of the sample GRM-1 and of the sample GRM-5 are ideal. However, compared with GRM-1, the heating temperature of GRM-5 sample is lower. So GRM-5 sample has shorter heating time and less energy consumption. When industrial cost is considered, the experimental condition of the GRM-5 sample is more favorable.
According to the above results, the experimental conditions of the GRM-5 sample prepared are regarded as the optimum conditions in this scale-up experiment. The optimum conditions include 6% starch as binder, microwave heating temperature of 500℃, microwave power of 2.6 kW, holding time of 30 min. The BET surface area, pore volume and efflorescence rate of the GRM adsorbent prepared under the optimum conditions are 15.58 m 2 /g, 0.0337 cm 3 /g and 9.6%, respectively. Therefore, the GRM adsorbent prepared from red mud and starch after microwave roasting has potentials to be a suitable adsorbent with large specific surface. And this process can be used for largescale preparation. The characterization of the GRM produced by the optimum conditions Figure 8 presents the XRD pattern of the GRM-5 sample which produced by the optimum conditions. As can be seen, the main peak of bayerite has been totally eliminated, while new phases such as α- 
Conclusions
(1) Among three kinds of binder, the sequence of activation effect is starch > sodium silicate > cement. The GRM adsorbent produced by fresh red mud directly mixed with 6% starch, which has the best activation effect with the high strength and the BET surface area of 35.06 m 2 /g.
(2) In comparison to conventional heating, the microwave roasting has a good effect on pore-making of GRM, especially when using organic binder. (3) Adjusting the microwave power and the heating temperature, and prolonging the holding time, which is benefit for heating evenly and improving the strength of GRM sample. 
